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Ž .
Manganese Mn is a transition metal which is widespread in the environment, occurring in all Ž . rocks and soils Krauskopf and Bird, 1995 . Mn is a micronutrient, required by plants for photosynthesis and by animals for neural development Ž . Keen and Zidenberg-Cherr, 1994 , but in excess Ž concentrations it may be toxic to fish Nyberg et . al., 1995 and humans and impair drinking water delivery and quality. Mn concentrations in excess of the EU drinking water standard of 0.05 mg l y1 can result in the formation of Mn oxide deposits in pipelines, discoloration of water and laundry Ž and impart an unpleasant metallic taste Sly et al., . 1990 . Whilst only 1.03% of drinking water samples tested across Scotland in 1996 failed the EU Ž . standard for Mn Scottish Office, 1997 , the majority of failures occurred in upland water sources. Mn is difficult to remove from drinking water by Ž . conventional treatment processes AWWA, 1987 so treatment works have been upgraded in Scotland in order to meet the EU drinking water standards. For example, the Loch Bradan treatment works in Ayrshire, south-west Scotland, was upgraded, partly to comply with the drinking wa-Ž . ter standard for Mn Little and McFadzean, 1991 . Another reason for the interest in Mn in surface waters is that Mn oxides are an important regulator of the levels of potentially toxic heavy metals Ž . Jenne, 1998 . Dissolved heavy metals have been demonstrated to strongly adsorb to Mn oxides due to the large specific surface area and negative Ž charge of fresh Mn precipitates Nicholson and . Eley, 1997 .
The chemistry of Mn is an important control on Mn mobilisation and transport in the environment. Two main forms of Mn exist in the environ-Ž . Ž . Ž . Ž . ment ᎏ Mn II soluble and Mn IV insoluble . Movement between these two forms occurs by Ž . oxidation and reduction reactions Eq. 1 , which Ž may be abiotic or microbially mediated Nealson, . 1993 . The environmental chemistry of Mn is very similar to Fe and Al as the metal species and mobility is largely governed by pH and redox conditions. However, there is evidence in the literature that Mn is less readily complexed by Ž . organic ligands LaZerte and Burling, 1990 .
The main source of Mn available for mobilisation into surface waters in upland Scottish catchments is the underlying geology, rather than anthropogenic pollution. Mn minerals are incorporated into soil from rock weathering and then transformed according to the soil conditions. In the acidic, organic-rich and moist soils of upland Scottish catchments, some of the Mn oxides will Ž . be reduced to mobile Mn II in soil solution. Mn is therefore available for plant uptake and can also be transported by throughflow into runoff. Incorporation of Mn into plant material forms a secondary source of Mn through release from litter decomposition at the ground surface, as Ž . observed in peat bogs by Damman 1978 . Although Mn has been included in studies of upland catchment hydrochemistry and land-use in Ž . the UK e.g. Neal et al., 1992 , the research focus has been on acidity and aluminium. This paper aims to present a synthesis of information relating to Mn and land-use in upland Scottish catchments. The land-uses evaluated are conifer afforestation, upland pasture improvement and grouse moor. Other factors, which confound the relationships between Mn and land-use in upland catchments, are examined. In addition to results from studies by the author in south-west Scotland, research from other upland areas of the UK is reviewed due to the limited data available for Scotland.
Conifer afforestation
Evidence from Scotland and other parts of the UK indicates that afforestation of upland catchments with conifers since the 1930s has increased Mn concentrations in surface waters. Analysis of the UK Acid Waters Monitoring Network data Ž . Patrick et al., 1995 Shanley, 1986; Neal et al., 1992 . Litter from conifer plantations may also enhance Mn leaching from soil into runoff. Kuiters and Mulder Ž . 1993 demonstrated that the Mn concentration in soil solution increased after the addition of water-soluble organic matter from soils below forest stands. The mobilisation mechanism for Mn is probably an abiotic redox reaction, with constituents of the organic matter serving as an Ž . electron donor Kuiters and Mulder, 1993 . In contrast, enhanced concentrations of iron and aluminium leached from forest litter and soils are probably mobilised by chelation with soluble or-Ž . ganics Pohlman and McColl, 1988 . Soil and water acidification in catchments planted with conifers has been widely-docu-Ž . mented in the UK UKAWRG, 1989 and is associated with enhanced Mn concentrations in surface waters. Analysis of the water chemistry Ž . data 1988᎐1996 for Scotland from the UK Acid Waters Monitoring Programme shows that maximum Mn concentration is significantly positively Ž . correlated P-0.05 with nitrogen and nonmarine sulfur deposition, and negatively corre-Ž . lated P-0.05 with minimum water alkalinity. This indicates that acid deposition increases Mn concentrations in runoff, and that one major mechanism is soil acidification. Enhanced interception of acidic atmospheric pollutants by the forest canopy can also increase the levels of Mn Ž . in throughfall from foliar leaching. Shanley 1986 reported that Mn concentrations in throughfall from red spruce were negatively correlated with rainfall pH. A positive feedback between interception of sulfur dioxide by spruce trees and catchment acidification, mediated by Mn, has been Ž . suggested by Burkhardt and Drechsel 1997 . In chamber experiments they observed that soil acidification, caused by acid deposition, increased the leaching of Mn from needles and also the oxidation of SO , thereby enhancing the deposition of 2 further acidity.
Another mechanism by which enhanced acid deposition by conifer afforestation could increase Mn concentrations in lakes in upland Scotland is the reduction of Mn oxides in lake sediments to Harvesting of conifer plantations is also associated with increased Mn concentrations in surface waters. Felling in the Afon Hore catchment, Plynlimon, resulted in a doubling of Mn concentra-Ž y1 . tions in streamwater approx. 0.070 mg l , com-Ž pared with the undisturbed forested control apy1 . prox. 0.042 mg l . The amount of Mn loss has Ž . been shown by Fahey et al. 1991a to be dependent on the harvest method. They found that Mn leaching was higher in plots which had been whole-tree harvested than plots which had been conventionally harvested, leaving large quantities of logging residue. The difference was attributed to the suppression of vegetation regrowth in the conventionally harvested plots by forest debris, and thus lower uptake of available Mn from the soil. Other mechanisms which may cause increased Mn concentrations after harvesting are: Mn release from the decomposition of logging Ž . residue Fahey et al., 1991b ; loss of particulate Mn in sediment eroded from harvested areas; mineralisation of Mn in warmer disturbed soils following the removal of the forest canopy; and reduced Mn uptake by trees. A combination of these factors results in the formation of an increased soil pool of Mn for leaching into surface waters. Experiments involving the leaching of field fresh soils from a water supply catchment in south-west Scotland found a larger soil pool of water-soluble Mn in the clearfelled plot than Ž . Ž from mature Sitka spruce plots Fig. 1 Heal, . 1996, unpublished . However, the extent to which the Mn made available by harvesting enters runoff is dependent on catchment hydrology.
Upland pasture improvement
Upland catchments are improved for pasture by drainage, liming, tillage and the addition of fertilisers which all have separate effects on Mn mobilisation. There are limited studies of the effects of these measures on Mn concentrations in surface waters in Scotland, but the impacts are assessed from the available literature. The construction of drainage ditches in upland catchments would be expected to increase Mn concentrations in runoff as increased soil drying in summer would create warmer soil temperatures and encourage soil microbial activity. The mobilisation of the soil Mn store into the stream channel may, however, be delayed in autumn because dry, hydrophobic catchment soils take longer to re-wet. Liming raises the pH of upland soils and should therefore lower the mobility of Mn as Ž . Ž . oxidation of soluble Mn II to insoluble Mn IV Ž . occurs at circumneutral pHs Norvell, 1988 , but laboratory and field experiments suggest that Ž . liming may have the opposite effect. Ervio 1991 measured the quantities of Mn leached from unlimed and limed acid sulfate soil profiles by deionised water and found that more soluble Mn was produced from the soil which had been limed for 15 years. Similar effects would be expected from the addition of lime to acidic organic soils Ž . see discussion of Conifer Afforestation above .
Ž . However, Kay and Stoner 1988 reported no significant relationship between undesirable Mn concentrations and liming applications in 13 Welsh upland catchments. The impacts of tillage of upland soils on Mn mobilisation are also unclear. On the one hand, microbial activity will be encouraged on freshly exposed soil surfaces, con- tributing more Mn to catchment runoff from enhanced decomposition, but increased soil aeration Ž . may cause the chemical oxidation of Mn II to Ž . insoluble Mn IV , immobilising Mn in the soil profile. Support for the latter process is provided Ž . by a study by Shuman and Hargrove 1985 , which showed that soil tillage causes the transformation of soil Mn from exchangeable and organic forms ( )to less mobile oxide and residual forms. The final aspect of upland pasture improvement is the addition of fertilisers. There have been limited stud-Ž . ies of this relationship, but Kay and Stoner 1988 found a small positive relationship between Mn in runoff and fertiliser addition. The net effect of land improvement practices in upland catchments is probably to increase the mobilisation of Mn into runoff during autumn storm events, by encouraging soil microbial activity and production of readily-soluble Mn stores in summer. Kay and Ž . Stoner 1988 reported a significant negative cor-Ž . relation P-0.01 between undesirable Mn concentrations in runoff and unimproved upland pasture area in 13 Welsh upland catchments.
Grouse moor
There have been limited studies of the effects of grouse moor land-use on Mn concentrations in surface waters in Scotland, but the potential impacts can be estimated from other studies. Heather burning for grouse moor management would be expected to increase summer soil temperatures, due to the reduced surface albedo, thereby stimulating production of a readily-soluble Mn store by microbial activity. Measurements of elevated Mn concentrations in soil water from plots in an upland catchment in northern England, where the vegetation had been cleared by Ž .Ž . spraying Heal, 1996 Fig. 2 , support this hypothesis, although the effect of Mn contained in ash is unknown.
Other factors controlling Mn in surface waters
In spite of the apparently strong relationship between conifer afforestation and Mn in upland Scottish catchments and other upland areas of the UK, other factors also control Mn concentrations in surface waters. The 1995 Acid Waters Survey of Wales found significant correlations between Mn concentrations and catchment physical attributes, but not for forestry attributes. Mn concentrations in water drawn from the Bradan, Afton and Camphill water supply reservoirs in south-west Scotland increased dramatically at the Ž . same time in autumn 1995 Fig. 3 , but there are no conifer plantations in the Camphill catchment. Other factors controlling Mn concentrations in surface waters are examined below, including geology and soils, catchment hydrology, instream processes and stratification of standing waters.
Catchment geology and soils
Mn concentrations vary between different rock Ž . types Table 2 but geology does not appear to directly control Mn concentrations in runoff from UK upland catchments. Mean Mn concentrations ) 0.05 mg l y1 occur at sites in the UK Acid Water Monitoring Network with a range of metamorphic and igneous geologies. Since Mn occurs in all common rock types in the UK, it is the mobility of Mn within the soil which is important for concentrations in surface waters rather than Ž . the total Mn concentration. Jarvis 1984 found that there was no correlation between total and Ž . mobile water-soluble and exchangeable Mn in acidic grassland soils. The base content of the underlying geology may be a more important factor in determining Mn concentrations in runoff than the Mn content. For example, a greater increase in Mn concentrations in runoff would be expected where conifers are planted on a basepoor geology which is unable to buffer enhanced acidic inputs, compared with plantations on a base-rich geology.
Studies in upland Wales and northern England have demonstrated that Mn concentrations are positively related to the percentage of peat cover in a catchment, and inter-related variables. The 1995 Acid Waters Survey for Wales found that Mn concentrations in 91 streams were signifi-Ž . cantly positively correlated P -0.001 with Ž catchment peat cover and altitude Stevens et al., . 1997 . Altitude probably indirectly influences Mn The relationship between Mn concentrations in runoff and catchment peat cover probably occurs because the soil hydrological and chemical condi-Ž tions associated with peat acidic pH, reducing, . waterlogged environment facilitate Mn mobilisation, rather than due to Mn release by chelation with organics in peat soils.
Catchment hydrology
Catchment hydrology plays an important role in controlling Mn concentrations in runoff from upland catchments through determination of soil moisture conditions and also the transport of mobile Mn from the soil into watercourses. A number of studies have observed maximum Mn concentrations in runoff from UK upland catch-Ž ments during autumn storm events e.g. Neal et al., 1986 ᎏ Plynlimon; Reid et al., 1981 ᎏ Glendye, north-east Scotland; Heal, 1996 ᎏ . northern England . This suggests that Mn is flushed from decomposing organic material in surface soil horizons into soil solution and runoff Ž as re-wetting occurs in the autumn e.g. Fig. 4 ( )shows rainfall and Mn concentrations in soil solu-. tion in an upland catchment in northern England . During the summer months, runoff occurs predominantly from deeper soil horizons where there is less mobile Mn.
Instream processes
Mn concentrations can alter after entry into surface waters due to instream processes. Davison Ž . 1993 reported that sunlight may affect the reduction and oxidation of Mn in water. The most significant process for Mn in flowing upland watercourses is probably oxidation and precipitation Ž . of Mn IV oxides on channel substrate when runoff enriched in Mn encounters rapidly flowing, well-oxidised conditions in the stream channel Ž . Whitney, 1981 . The precipitation of Mn oxides lowers dissolved Mn concentrations in streamwater and also adsorbs dissolved heavy metal ions Ž . e.g. Cd, Co, Cu, Ni, Pb, Zn . Adsorption of heavy metals by Mn oxides is pH dependent. Thus if streamwaters become more acidic, heavy metals are desorbed and the Mn oxides may be reduced Ž . Jenne, 1968 , resulting in increased concentrations of dissolved Mn and heavy metals in runoff.
The extent to which instream processes influence Mn concentrations in surface waters in Scottish upland catchments is unknown. Furthermore, the short residence time of water in upland UK rivers means that the water chemistry is usually not in equilibrium and river pH may not adequately account for instream Mn forms and processes Ž . Laxen et al., 1984 .
Stratification of standing waters
In contrast to streams and rivers, water in lakes and reservoirs has much longer residence times and is, therefore, more likely to attain a state of chemical equilibrium. In standing waters Mn forms and abundance are closely controlled by redox conditions and in temperate environments seasonal stratification may develop. Thermal stratification occurs in summer with the forma-Ž tion of a warm oxygenated surface layer the . Ž epilimnion and a cooler anoxic layer the hy-. polimnion at the bottom of the water body. Oxidation of Mn occurs in the epilimnion to produce particulate Mn which sediments into the hypolimnion. Reducing conditions in the hypolimnion en-Ž . courage reduction of Mn IV in the water column 
Ž .
and bottom sediments to Mn II . In the autumnal turnover of water, dissolved oxygen is more evenly distributed throughout the water body and some Ž . Ž reoxidation of Mn II occurs Chiswell and Zaw, . 1991 . Thus, Mn concentrations in lake and reservoir waters can vary greatly depending on the season and depth of sampling. The role of stratification in controlling Mn concentrations in upland lakes and reservoirs in Scotland is unknown. However, the typically windy conditions in Scottish upland catchments mean that stratification is unlikely to be a common occurrence since standing waters tend to be well-mixed. A further source of Mn in reservoirs in Scotland may be release from sediments exposed in summer drawdown.
Conclusions
A number of processes controlling Mn concentrations in surface waters in upland catchments in Scotland have been identified. Considerable evidence from Scotland and other upland areas in the UK suggests that conifer afforestation is an important control on Mn concentrations in upland Scottish catchments, but additional factors also influence Mn concentrations, particularly catchment soils and hydrology. The role of other upland land-uses, such as pasture improvement and grouse moor management, on Mn in runoff is unclear as there have been few studies on their effects. The balance of factors controlling Mn concentration in upland catchments will vary across Scotland, depending on catchment hydrology, soils, geology and acid deposition. Within a catchment the impact of land-use on Mn concentrations in runoff is very dependent on the landuse location. Forestry will have most effect when located in riparian zones and variable source areas within a catchment as mobilised Mn can Ž . readily enter the watercourse. Neal et al. 1992 reported that Mn concentrations in the Afon Hore, Plynlimon, peaked when harvesting occurred close to the stream. When harvesting occurred further away from the channel, changes in Mn mobilisation were buffered within catchment soils.
A number of measures are already in operation which may reduce the probable impacts of landuse on Mn in runoff from Scottish upland catchments. Many conifer plantations in upland Scotland have matured and are being harvested and replaced with more environmentally-sensitive plantings, which will reduce soil and water acidification and Mn mobilisation. Adherence to good Ž practice in forest management e.g. Forestry . Commission, 1991 should minimise the effects of harvesting on Mn in surface waters. Native woodland regeneration is being encouraged by the Forestry Commission through its Woodland Grant Scheme and is believed to be less acidifying than conifer plantations, depending on tree species Ž and catchment soils and geology Alexander and . Cresser, 1995 . Catchment acidification should decline in the future as deposition of acidic oxides of sulfur decreases as the result of international treaties on long-range air pollution. However, it may take many decades for acidified catchment soils to recover their buffering capacity Ž . Soulsby et al., 1997 and increasing deposition of nitrous oxides will continue to acidify the most sensitive catchments in south-west Scotland Ž . Jenkins et al., 1997 .
The effectiveness of these measures in managing Mn concentrations in upland Scottish catchments is also dependent on the potential impacts of climate change. Climate change is predicted to bring stormier conditions and warmer temperatures to temperate environments. This may cause increased Mn concentrations in autumn storm events due to flushing of larger stores of mobile Mn, created by enhanced decomposition of organic material in upland soils in warmer summer temperatures. Increased mobility of iron, a trace metal which behaves in a similar manner to Mn, was noted in a study of the effects of mild winters and hot summers, 1988᎐1990, on stream water chemistry of an upland catchment in mid-Wales Ž . Cannell and Pitcairn, 1993 . Climate change may be already affecting Mn concentrations in runoff from upland catchments. Deterioration in the Mn quality of raw waters since the 1980s has been reported by a number of water treatment works in the UK which receive runoff from upland 
